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PREFACE

The Engineering Design Handbook Series of the Army Materiel
Command is a coordinated series of handbooks containing basic in-
formation and fundamental data useful in the design and develop-
ment of Army materiel and systems. The handbooks are authorita-
tive reference books of practical information and quantitative facts
helpful in the design and development of Army materiel so that it
will meet the tactical and the technical needs of the Armed Forces.

This handbook is one o a series on Guns and presents informa-
tion on the fundamental operating principles and design of muzzle
devices. Because of higher priorities assigned in the past to other
activities, progress in the design of bore evacuators, noise suppres-
sors, and smoke suppressors was not shared with that of muzzle
brakes, blast deflectors, and flash suppressors. Therefore, less design
guidance is presented for the first group of three than for the second
group. However, effort to improve all muzzle devices continues, and
this effort is being augmented by studies on human behavior when
exposed to the phenomena created at the gun muzzle.

This handbook was prepared by the F’ranklin Institute, Philadel-
phia, Pennsylvania, for the Engincering Handbook Office of Duke
University, prime contractor to the U. S. Army Resecarch Office—
Durham. The handbook was prepared under the technical guidance
and coordination of a special committee with representation from the
U. S. Army Human Engineering Laboratory, U. S. Army Tank-
Automotive Command, Rock Island Arsenal, U. S. Army Weapons
Command, and Watervliet Arsenal.

Comments and suggestions on this handbook are welcome and
should be addressed to U. S. Army Research Office—Durham, Box
CM, Duke Station, Durham, North Carolina 27706.
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LIST OF SYMBOLS*
A = borec arca D = bore diameter of gun tube
A, = area of projectile passage in muz- D, = diverterdiameter ofsmoke suppres-
zle device sor
A, = exitarea of flow passage D, = exitdiameter
A, = arca d perforation in smoke sup- D = distance from muzzle to ficld posi-
pressor f tion
A, = inner arca o baffle passage D, = diameter of perforation of smoke
A =total nozzle area Suppressor
A, = areca of flash suppressor at origin D, - ghameter o projectlle passageway
of slots in muzzle device
_ dB = decibel
Ap = port areca
Apd = initial port arca E = cnergy
— E = frictional and engraving losscs
Apt = total port arca £ . g g
A, = total openarca E, = kinetic energy of gas
a . =velocity o sound in muzzle gas E, ~ heat loss to gun tube
B = momentum index E, = muzzleenergy
B, = effective momentum index E, = kinetic energy of projectile
Br = impulse on gun at any given time E, = cnergy of free recoil without muz-
zle brake
C¢ = conversion factor to compute gas . .
muzzle temperatures E, = energy of free recoil with muzzle
brake
C, = thrust correction factor for projec- .
tile passageway closure E = thermal energy of gas at projectile
re gjection
C = specific heat of air at constant pres- ]
pa sure F = propellant potential
C,, = specific heat of muzzle gas at con- F() = function of ()
stant pressure F'() = first derivative of F( )
Con = specific heat at constant pressure F, = recoil force
of muzzle gas mixture, where n in- .
dicates a particular region Fy, = muzze brake force; thrust
C,. = specific heat of air at constant vol- Fux = muzzle brake force, x identifies the
ume baffle number
C,, = specific heat of muzzle gas at con- F. = 1400 ft-lb/BTU/°K (conversion
stant volume factor)
C = correction factor for thrust because F = fraction of maximum overpressure
A ct

of friction and turbulence

*A consistent set of dimensions must be employed in the
applicable formulas.

viii
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maximum instantaneous force on
individual baffle

force on muzzle brake normal to
gun axis

the thrust on a specific baffle dur-
ing a specific time
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muzzle brake thrust

correction factor of 1.33 used as
an approximation

acceleration of gravity
heat of combustion

impulse induced on gun during the
muzzle gas period

impulse on muzzle brake at any
given time

total impulse on muzzle brake

impulse on muzzle brake normal to
gun axis

resultant impulse on recoiling parts

number of groups of perforations to
position being investigated
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symbol representing a value of
many terms in computing muzzle
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(y-1)/vy where v is ratio of specific
heats

length of recoil; length of gas cell
length of flash suppressor bar
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length of diverter

cquivalent length
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Pa
Py
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CHAPTER 1

INTRODUCTION

1—1 PURPOSE

This design handbook provides a con-
venient and ready reference of (1) funda-
mental and practical design information,
and (2) procedures for use by engineers to
select or adapt existing designs or to
evolve modified or new designs for achiev-
ing the intended performance characteris-
tics of various gun muzzle devices. *

1—=2 SCOPE

Present warfare tactics require a high
degree of weapon mobility as well as means
by which the personnel and equipment may
achieve added protection either from their
own weapon or from the enemy. Muzzle
devices that will reduce the forces acting
on a carrier will effectively reduce the mas-
siveness of its supporting structure, there-
by increasing its mobility. Those devices
that eliminate or reduce detectable phe-
nomena emanating from a gun will improve
weapon concealment. A device that reduces
disturbing effects on personnel will increase
efficiency and morale. All these featurcs
arc available to some degree in the field of
muzzle devices. Each distinct type has its
own characteristics, some of which may
overlap those of another device. Unfor-
tunately, &l desirable performance charac-
teristics o any two, let alone all devices,
cannot be incorporated into one assembly.
For instance, a muzzle brake may also re-
duce flash; it cannot suppress noise. Al-
though dual purposes may be managed.
no confusion should arise as to the identity
or specific purpose of any given muzzle
device.

This handbook presents basic and ap-
plied information on the general character-
istics of guns with particular attention to

*Prepared by Martin Regina, Franklin Institute Research
Laboratories, Philadelphia, Pa.

the behavior of gases when in the bore and
when discharged from the muzzle. It dis-
cusses both harmful and helpful aspects of
those gases, and describes those devices
that have been developed to minimize the
harmful and utilize the helpful aspects. It
explains convenient and generally reliable
design methods and procedures from early
concept tc experimental wverification, in-
cluding comments on reliability of scaling
size and performance. It contains material,
manufacturing, and maintenance phases
that contribute to successful designs. It
also has the more sophisticated design pro-
cedures programmed for a digital compu-
ter. A comprehensive bibliography, glos-
sary, and list of contributors completes the
contents and may assist the engineer in
this technological field when a problem is
not readily amenable to solution by proce-
dures or with data in this handbook.

1-—3 GENERAL DESCRIPTION OF GUN
MUZZLE DEVICES

1—3.1 MUZZLE BRAKES

1—3.1.1 History

Despite the lack of a strong incentive
for its invention before 1888 (the advent of
the recoil mechanism), the first muzzle
brake appeared in 1842 in France built by
Colonel de Beaulieu. A crude affair, it con-
sisted of a secries of holes in the muzzle
region of the barrel. The holes were sloped
rearward to divert the expanding gases in
that direction. Twenty-one years later, the
French military conducted tests with a 106
mm gun with 36 holes 60 mm diameter
inclined rearward at 45°. Data published
by de Beaulieu disclosed the great success
o doubling the accuracy and having the
recoil distance reduced to 25 percent of its
normal distance with only a 6 percent loss

in muzzle velocity. Reservations should be

1=
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made with respect to the reliability and
accuracy ofthese claims unless all data are
available. However, this first official at-
tempt did establish the muzzle brake as a
practical and useful component of a gun.

The first attempt was followed by inven-
tions of Hawley (1871), de Place (1885),
Maxim (1890), Simpson (1902), and Smith
(1903). During the latter years, scveral
agencies began to devote efforts toward
muzzle brake development, thus lending
encouragement to the individuals inter-
ested in this field. This activity was not
monopolized by one country. The United
States, England, France, and Germany, all
were keenly aware of its potential and did
much to advance the technique iri design
procedure through the years before and
during World War [. Muzzle brakes of
assorted descriptions and sizes appeared
during this period with enough claims of
fantastic proportions to excite continued
interest in building and testing new hard-
ware. But, not until after the war, when
Rateau developed his theory, was any con-
certed effort made to apply scientific prin-
ciples to existing mechanical techniques in
order to rationalize muzzle brake design
concepts. Rateau's theory, still uselul, be-
came the basis of our preserit theoretical
and practical design procedures.

1—31.2 Purpose

When a gun is fired, the burning propel-
lant and the subsequent gas activity are
the sole influences on gun structure and
projectile. While in the bore, the projectile
offers the inertial and frictional resistance
commensurate with the thermodynamics
of the propellant. After it leaves the muz-
zle, the projectile loses further influence.
On the other hand, the gas exerts pressure
onthe gun tube while the projectile is being
propelled and after, until this pressure be-
comes ambient. The pressure forces onthe
bore surface are balanced and have no ex-
ternal influence. Although of short dura-
tion, the pressure force on the breech
creates an impulse on the gun tube that is
equivalent and opposite to that on the pro-
jectile. This rearward impulse is responsi-

1=

ble for reccil, an undesirable but controlla-
ble phenomenon of all closed-breech guns.
There are any number of ways of achieving
this control. If the gun isrigidly fixed tc its
structure and foundation, cverything re-
mains motionless and all resultant forces
are transmitted directly to the foundation.
It the gun is free to move, the impulse will
induce & rearward velocity to the meovable
parts which eventually must be stopped.
The magnitude of the resistance determines
the recoil distance. Most guns provide this
resistance by some type of recoil mech-
anism, from the application of a person's
body when firing shoulder or hand guns to
the claborate recoil mechanisms of artil-
lery. A recoil mechanism moderates the
recoi! force by diluting the propellant gas
impulsc with a reaclion extended over a
comparatively long period of time. The re-
coil force may be reduced further by reduc-
ing the recoiling mass momentum with a
muzzle brake.

1—3.1.3 Description

A muzzle brake is a device that is
attached to, or is integral with, the muzzle
of a gun. Usually the brake has a series of
baffles cither perpendicular or nearly per-
pendicular to the gun tube axis. The brake
is gencrally closed on the bottom to pre-
vent escapirig gases from endangering or
annoying the gun crew. To maintain sym-
metrical peripheral loading and therefore
balance, the top also is closed, leaving the
sides open for the gases to escape after
impinging on the baffles. Some standard
configurations, adhering to either theoreti-
cal or empirical practice, have evolved
through years of application.

1—3.1.4 Theory of Operation

Immediately as the projectile clears the
muzzle, the propellant gases follow, no
longer restrained by tube wall or projectile,
but still having an appreciable pressure
and a velocity equal to or slightly exceed-
ing that of the projectile. If left alone, the
gases expand into air and reduce to atmos-
pheric pressure. However, if the gun has a
muzzle brake, a different sequence of



cvents ensucs. The projectile while passing
through the brake continues to restrain, to
some extent, gas flow in the axial direction.
But the side ports in the brake offer little
resistance to the expanding gas which can
now flow between the baffles. The general
direction of flow is therefore changed. The
resultant direction of this gas flow is no
longer diagonally forward, but is radial or
actually rearward. By diverting the flow in
these directions, the gas must impinge on
the baffles and induce a forward thrust.
This thrust gencrates an impulse which is
opposite in direction to the recoil momen-
tum, thereby reducing that momentum by
the amount o the muzzle brake impulse.
Unfortunately, the muzzle brake does not
perform while the projectile is still in the
bore. The recoiling parts almost reach their
full momentum during this, time, thus con-
signing the function of the brake to the
analogous role cof a corrective rather than
a preventive performer.

1—3.1.5 Advantages

The principal advantage of a muzzle
brake is its ability to decrease the momen-
tum of the recoiling parts of a gun. How
this advantage is exploited depends on the
weapon assignment. If low weight is the
dominating criterion and knowing that re-
coil force is inversely proportional to length
o recoil, a conventional length of recoil
can be retained with subsequent low recoil
forces that lead toward lighter supporting
structures. In tanks, where space is at a
premium, short recoil lengths only are pos-
sible but recoil forces remain correspond-
ingly high thus offering little opportunity
to reduce structural weight. Some second-
ary advantages of a muzzle brake include
the ability to suppress flash to some ex-
tent, and help gun stability during recoil
partly by the effect of the additional mass
and partly by the thrust generated by the
muzzle gases. A few tests indicated an
accuracy increase but conclusive data are
lacking.

1—3.1.6 Disadvantages

Perhaps the principal disadvantage of a
muzzle brake 1s the deleterious effect that
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the muzzle blast has on the crew, particu-
larly excessive overpressure. Air disturb-
ances or propellant gas moving at high
velocity, loud noise, and heat can be dis-
concerting if not outright injurious. The
resulting obscuraticn is a primary objec-
tion. Damage to camouflage and thedanger
of flying debris are two undesirable pro-
ducts of the blast. Noise is alwaysincreased
although at least one model had the ability
to muffle sounds which seems contrary to
the inherent characteristics of a muzzle
brake but, until more substantiating data
are available, increased noise will continue
to be listed as a disadvantage. A minor
disadvantage is the added weight at the
muzzle. This weight increases muzzle pre-
ponderance and further burdens the clevat-
ing mechanism, particularly in older guns
that were not initially designed for a muz-
zle brake. Newly designed guns eliminate
this problem with a suitable equilibrator.

1—3.1.7 Current State of the Art

The present consensus among users has
the advantages of muzzle brakes out-
weighed by the disadvantages. As yet, its
objectionable muzzle -blast has not been
climinated from artillery but noted success
has been achieved with small arms. A high
degree of effectiveness is usually accom-
panied by strong muzzle blasts which al-
ways suggests a compromise in design.
Although improvements are continuing, the
designer is handicapped by the unwanted
blast. If the gun crew is shiclded, as in a
tank, muzzle blast has little effect. How-
ever, artiilery crews must be shielded or
some means developed to divert the blast
away from the crew. Even so, shielding
does little to protect support personnel in
the general weapon arca. Some effort has
been directed toward this development, but
no real improvement has been achieved.
Much progress remains to be made in the
muzzle brake field but, aside from struc-
tural requirements, secondary effects cause
tne greatest concern. Muzzle brake effi-
ciency and effectiveness have reached
highly acceptable levels. Empirical and
theoretical design procedures are available
beginning with somewhat eclementary but
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cffective initial design approaches and end-
ing with the more sophisticated clectronic
computer routines programmed for highly
theoretical approaches.

1—=3.1.8 Types

Basically there are two types of muzzle
brake — the closed and the open. A third
type, free periphery, is an outgrowth of
either of the other two. The closed type,
shown schematically in Fig. 1—1, derives
its name from the spacing of the baffles,
said spacing being too short to permit the
natural expansion of the gas before it is
diverted by the baffles. The open type
(Fig. 1—2) has its baffle spacing large
enough to permit the gas to expand rela-
tively freely before striking the baffle and
being diverted. The free periphery is so
named because it offers little restriction to
gas flow around the periphery of the baf-
fles. Whatever restriction it does offer
comes from the structure that is needed to
assemble the baffle system into the rigid,
integral structurc that forms the muzzle
brake. When not of the free periphery type,

GUN
MUZZLE

FIGURE 1-1. SCHEMATIC OF CLOSED MUZZLE BRAKE

1—4

GUN
MUZZLE

FIGURE 7-2. SCHEMATIC OF OPEN MUZZLE BRAKE

the muzzle brakes (closed on top and bot-
tom) discharge the gas through side ports
thus creating a resultant external reaction
of zero around the periphery.

1—3.2 BLAST DEFLECTORS

1—3.2.1 History

The inception of the blast deflector had
to occur simultanecously with the muzzle
brake regardless of the intent of the inven-
tor. Both operate on the same principle,
however, the degrees of success usually
diverge although successful combinations
o brake and deflector have been realized.
Early attempts at blast deflector design
followed the empirical approach, and suc-
cess in the arcas of deflector or brake was
achieved through trial and error. One type
(OMCF 2722), not only reduced the size of
dust clouds experienced during normal fir-
ing, but it also reduced flash and the length
of recoil. In contrast, the Galliot muzzle
brake, the R.H.S. Hughes Recoil Control,
Blast Deflectors AD-C537, AD-C538,
AD-C544 were failures. The successful blast
deflectors were outright muzzle brakes or
modified versions. Of all those made and
tested, the 76 mm Muzzle Brake M2, double




baffle type, showed the most promise with
respect to operational requirement and
acceptable size. The most successful, from
the operational point of view alone, con-
sisted of a muzzle assembly that had twin
ducts, one on cach side and parallel to the
gun tube, or a single duct above the tube.
These ducts carried the propellant gases
rearward and discharged them at the trun-
nions. A 90° bend upward in each duct
directed the discharge away from both gun
and crew. This type also performed well as
a muzzle brake.

1—3.2.2 Purpose

A blast deflector has a twin function—
to minimize obscuration and to lessen the
cffect of muzzle blast on the crew if the gun
has a muzzle brake. Both these functions
need not apply simultancously to all
weapon installations. The tank crew is
shielded from muzzle blast but the dust
cloud raised by the blast can hide the tar-
gct, thus interfering with precise sighting.
On the other hand, the muzzle blast on
long range guns may be extremely discon-
certing or physically harmful to the gun
crew but obscuration presents no sighting
problem inasmuch as the target is usually
beyond visual range. For short-range weap-
ons, where targets are visible, the blast
deflector must exercise its dual function,
but only if the gun has a muzzle brake.

1—3.2.3 Description

The blast deflector is similar to the muz-
zle brake. In fact, either may also function
as the other. It is attached to the muzzle
and is so constructed that propellant gas
will be diverted away from the ground and
gun crew. The deflector has ports through
which the propellant gas flows. The ports
may be an arrangement of simple baffles
or may be more complex with channels of
circular, elliptical, or other cross-sections,
leading outward, usually perpendicular to
the bore, or canted slightly rearward. If
antiobscuration is the primary function, the
surface facing the ground should be closed.
If balance of forces is needed, the top also
should be closed.
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1—3.2.4 Theory of Operation

The blast deflector operates similarly to
the muzzle brake by controlling the flow
direction of the expanding propellant gas
as it leaves the muzzle. By changing the
direction of the resultant of the gas momen-
tum, the deflector must develop a com-
ponent of the resultant in the axial direc-
tion opposite to that of the recoil momen-
tum, thereby inducing a muzzle brake
effect. If used for antiobscuration purposes
only, the deflector diverts the gas upward
and outward but not toward the ground. In
so doing, thrust is generated in the direc-
tion opposite to the diverted gas flow. This
thrust can be balanced by providing equal
and opposite gas flow, readily achieved
with side ports for lateral stability. Vertical
stability can be achieved not only by clos-
ing the top of the deflector at the muzzle
region but by ducting the gas rearward and
discharging it upward at the trunnions. If
the blast deflector is an adjunct of the
muzzle brake, it must direct the rearward
flow of propellant gas at an angle that
reduces the impact on the crew to a limit
that can be tolerated.

1—3.2.5 Advantages

A blast deflector reduces obscuration
which in turn increascs the effectiveness of
the gun by keeping the target visible. It
reduces the muzzle blast effects to limits
that can be tolerated by the gun crew.

Both foregoing advantages are morale
boosters. From one point of view, a target
obscured by one's own gun fire is a source
o frustration. From another, the effect that
obscures the target may reveal the gun's
position and, in a sense, create overex-
posure to enemy fire. An unabated muzzle
blast is analogous to inflicting self-injury, a
factor that does not promote either con-
fidence or efficiency.

1—3.2.6 Disadvantages

The disadvantages are usually related
to the adverse effects produced on other
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cquipment. Blast deflectors genecrally re-
duce the efficiency of muzzle brakes and
may overload the eclevating mechanism.
Some models have a tendency to increase
flash.

1—=3.2.7 Current State of the Art

The development of the blast deflector
is almost congruous with that of the muz-
zle brake. Although its primary purpose is
to dilute the ecffect of the muzzle blast
created by the muzzle brake, one of the
more acceptable deflectors is a muzzle
brake. Many types of blast deflectors have
been proposed, built, and tested. Most have
been found wanting; some because of struc-
tural weakness, some because of massive-
ness or awkwardness in construction, and
some because of poor performance. The
successful deflectors were those that re-
directed the gas flow away from the crew
areca but these invariably caused a de-
crease in brake efficiency. Those that were
made for antiobscuration only and were
considered successful have not been recom-
mended for general usage. However, the
degree of success of either blast deflector
or muzzle brake has always been relative,
comparing the performance of the new with
its predecessors. Muzzle brakes of rela-
tively high efficiency are available, but the
shock overpressures on gun crews are ob-
jectionable. Reducing the shock is the main
challenge to the blast deflector designer.
Some attempts have been made to attenu-
ate the shock induced by artillery fire but
were not totally successful. Development in
this direction is continuing.

1—3.2.8 Types

There are several types of blast deflec-
tor, some are actually muzzle brakes;
others were designed for their own parti-
cular function.

1. Baffle-type. This type is a natural
outgrowth of the baffle-type brake.
The muzzle brake has good anti-
obscuration characteristics provided
that the gas flow is diverted from the
ground. This type is one of the most
successful.

2. Perforated-type. Originally designed
as a muzzle brake (Swiss Solothurn)
this type proved unsuccessful on
artillery. Its structure was tubular,
circular, elliptical, rectangular, cross-
section, or any other configuration
that appealed to the designer. Hori-
zontal holes, usually five, traversed
the device. Propellant gases, escap-
ing through the ten exits, were to
reduce obscuration. One model per-
formed well, the others proved to
have little or no significant effect.

3. T-type. This blast deflector is merely
a one-baffle muzzle brake. Its baffle
is a flat plate with a circular hole in
the center to permit projectile pas-
sage. The baffle plate is held, top
and bottom, by two other plates that
are fixed to a housing that attaches
to the muzzle. This type performs
well as an obscuration deterrent.

4. Duct-type. A rather massive affair,
this type, attached to the muzzle,
divertsthe gas rearward through one
or two ducts and discharges into the
air above the trunnions. The dis-
charge direction is upward, perpen-
dicular to the bore, so that the in-
duced reaction passes through the
trunnions and thus spares the elevat-
ing gear an additional burden. Ideal
as an obscuration deterrent and hold-
ing promise as a muzzle brake, this
type has still to be accepted because
of its massiveness and, when applied
to artillery weapons, the gas dis-
charge is in close proximity to the
crew; therefore, during high Q. E.
firing, gas discharge is directed to-
ward the crew arca.

1—3.3 FLASH SUPPRESS ORS

1—3.3.1 History

Military authorities were cognizant of
the problem presented by muzzle flash be-
fore 1900 but did not attach material sig-
nificance to it until World War 1. Betrayal
of gun position soon became evident to
both sides and was exploited accordingly.



The search for a flash eliminator or sup-
pressor during this war became almost as
intense as the search for a higher perform-
ing gun; however, flash research always
lagged rescarch on other gun phenonema.
For one reason, stimulants, such as the two
World Wars which revealed the dire need
for a flash suppressant, ceased before an
effective suppressor could be found or in-
vented. Perhaps a better explanation of
this lag was that, flash behavior was never
fully understood. The pressure d other war
needs and the lack of adequate instruments
gave the technical investigators little more
than empirical procedures. (For a discus-
sion of the spectral characteristics of muz-
zle flash see Ref. 21)

Earliest attempts at flash suppression
involved additives to the propellant. These
additives varied from small amounts of
black powder to inorganic salts or any other
compound that struck the fancy o the ex-
perimenter. During World War I, the French
used a propellant for machine gun am-
munition consisting of nine parts smokeless
powder and one part black powder. For the
same reason, the German loaded cotton or
silk bags with potassium chloride and at-
tached these to the base d the projectile.
Both were effective in suppressing second-
ary flash but, as happened with many simi-
lar suppressants, smoke increased while
the ballistic properties of the propellant
suffered.

Research in flash suppression continued
in the interim between the two World Wars
but little progress was achieved. Beside
the additives as suppressants, muzzle
brakes and blast deflectors appeared to
have some effect on flash. This observation
led io organized attempts to learn the
mechanics of the muzzle blast and flash.
Since World War 11, considerable data have
been accumulated, and mechanical flash
hiders and flash suppressors have been
developed with various degrees of success.
However, a great deal of progress is still
needed to achiecve an efficient, practical
flash suppressor either mechanical orchem-
ical.

AMCP 706-251

1—3.3.2 Purpose and Description of Types

A flash hider or suppressor reduces muz-
zle flash to the extent that the illumination
does not reveal a gun position to the
enemy. The muzzle device may be a cone-
type (Fig. 1—3) or a bar-type (Fig. 1—4).
The former is sometimes called a flash
hider but irrespective of their labels, both
function according to the same physical
principles. Each is a simple device.

1—3.3.3 Theory of Operation

In Chapter 2, five types of flash are de-
fined —preflash, primary, muzzle glow, in-
termediate, and secondary. To summarize:

1. Muzzle flash is a sequence of events
created by the propellant gas as it
issucs from the muzzle.

2. Preflash is the burning of the gas
that leaks past the projectile before
the rifling fully engraves the rotating
'band or jacket and therefore before
obturation is complete, or in worn
guns where obturation is never com-
plete.

3. Primary flash is the flame of con-
tinued burning of the propellant or
the incandescent gas at the muzzle.
Neither preflash nor primary flash
can be influenced by mechanical
means except by obscuration meth-
ods.

4. Muzzle glow is the illuminated gas
inside the shock bottle.

FIGURE 1-3. CONE FLASH HIDER
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FIGURE 1-4. BAR FLASH SUPPRESSOR

5. Intermediate flash is the illuminated
gas in front of the normal shock
caused by the increased pressure and
temperature as the gas passes
through the shock.

6. Secondary flash is the intense flare
of burning propellant gas after the
gas has mixed with air and is ignited
by the preliminary flash or by the
clevated temperature after the gas
has passed through the shock front.

Muzzle glow, intermediate flash, and
secondary flash are controllable mechani-
cally by destroying the shock boundaries
that are responsible for the flash. Fig. 15
shows this effect when comparing it with
Fig. 1—6. Fig. 1-5 is a shadowgraph of
uncontrolled flash. The shock bottle and
normal shock are discernible, indicating
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that the entire area is brilliantly illumin-
ated. Fig. 1—6 is a shadowgraph taken
under the same general conditions except
for the bar flash suppressor. Neither shock
bottle nor normal shock are present with
the resulting effect of far less illumination
being indicated. Fig. 1—7 contains two
photographs, cach illustrating the respec-
tive features of Figs. 1-5 and 1—6, the
brilliant flash and the barely visible sup-
pressed flash. Either hider or bar suppres-
sor serves the purpose for all three types
of flash, with one exception. Secondary
flash will occur if the prevailing conditions
at the muzzle defy any sort of control.
These conditions involve the richness of
the air-gas mixture and the ignition tem-
perature of each mixture. If the richness r
is expressed in terms of the percentageof
air in the mixture, then r will vary from



FIGURE 1-5 UNSUPPRESSED FLASH

FIGURE 1-6.

EFFECTS OF FLLASH SUPPRESSOR
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FIGURE 1-7. EXAMPLE OF FLASH SUPPRESSION

zero at the muzzle where the gas is un-
diluted to almost 100 sometime later when
the gas has practically disappcared. Each
mixture has its minimum ignition tempera-
ture. The mixture will ignite only if the
actual tecmperature of the mixture coincides
with or exceeds the minimum ignition tem-
perature. Fig. 18 illustrates the proba-
bility. If T, is the minimum ignition temper-
ature and T_ the actual temperature of
the gas-air mixture, mechanical devices
will have no effect on secondary flash be-
tween {yand f;. However, secondary flash
may still not develop between these limits.
Although the ignition limit may be met, the
temperature history of the gas mixture
must meet its ignition period requirement.
Should the mixture pass through the high
temperature regions fast enough, the gas
may not have enough time to ignite and
cause secondary flash.

1—-3.3.4 Advantages and Disadvantages

The advantages of a successful flash
suppressor are almost obvious. A flashless
gun, by not generating visible light, does
not immediately reveal its position to the
enemy. The absence of glare benefits the
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FIGURE 1-8. FLASHPREDICTION TEMPERATURE CURVES

crew by not hampering visibility. The sup-
pressor’s primary disadvantage is its ten-
dency to generate more smoke than other-
wise would be emitted. Other disadvun-
tages, secondary in nature, are added
weight, added costs, and susceptibility to
damage during handling.

1—3.4 SMOKE SUPPRESSORS

1—3.4.1 History

Gunpowder ceased to be a powder about
1860 when General T. J. Rodman discov-
cred the principle of progressive combus-
tion. Propellants thercafter came in grains
the sizes of which were compatible with the
size of the gun. Although ballistics im-
proved after this change, black powder was
still unsatisfactory because, among other
undesirable effects, it produced large
amounts of smoke. The smoke problem
was reduced considerably in 1886 when
nitrocellulose was introduced as a smoke-
less propellant, however, enough smoke
was generated by other ammunition com-
ponents to <perpetuate the search for a
smoke suppressant. The emphasis on flash
suppression by propellant additives did not
help because these additives usually gen-
crated more smoke. Unfortunately, addi-
tives that reduce smoke generally contri-
bute to more intensive flash, thus directing
the scarch toward a mechanical smoke
suppressor.

10

yun smoke is formed by the presence of
small particles suspended in muzzle gases.
These particles may condense from a gas
to a solid or liquid state, or may be minute
particles of metal or metallic oxides, de-
rived from cartridge case, projectile, and
barrel. Water vapor and carbon particles
are also present in the propellant gas.
When exposed to the atmosphere, thewater
vapor may condense and increase the den-
sity of the smoke. Air temperature and
relative humidity will influence the forma-
tion and longevity of this contribution to
the density. Gun smoke can be suppressed
by removing some or all of these particles
from the gas. Before 1947, little research
effort was made for this purpose. An exten-
sive literature survey at this time on flash
and smoke found over 900 references, of
which c¢nly four dealt with gun smoke’™.
From the survey, the conclusion was
recached that gun smoke was derived pri-
marily from the projectile, primer, and flash
suppressant and contained both water-
soluble and insoluble particles. Copper,
lead, zinc, antimony, and iron are the prin-
cipal eiemenis of the insoluble particles,
whereas compounds of potassium, copper,
chlorine, sulfur, and sodium predominate in
the soluble particles. Collecting the smoke
for the analysis was difficult. Mechanical
filters were unsuitable but attempts at col-
lecting smoke particles proved very effi-
cient with electrostatic precipitators. After
the literature survey, a research program
was organized to ascertain the sources, and
the qualitative and quantitative nature of
the smoke particles to form a firm basis
for the development of efficient smoke sup-
pressors.

1—-3.4.2 Purpose, Description, and Operation

Smoke suppressors should be capable of
removing the visible particles from the pro-
pellant gases without inducing or contribut-
ing tu other deleterious effects such as
flash. The particles arec removed by filtra-
tion. In the laboratory, successful filtering

* Superscripi numbers refer to References at the end of this
handbook.



has been achieved clectrostatically. This
technique is not readily applicable for ficld
use. Generally, the smoke suppressor is a
long annular chamber the inside diameter
of which is larger than the gun tube bore
so as not to impede the radial expansion
of the propellant gas as it leaves the muz-
zle. The inner wall is perforated for the gas
to pass through it and enter the chamber
which is packed with a porous medium.
Since the size of a smoke particle is 0.5
micron or less, a filter which would screen
out this size material would be impractical,
sufficient time not being available for the
filter to accept the total flow. In addition,
the filter passages would soon be clogged
and useless. To avoid these deficiencies,
the filter is made much more porous to
permit a more gencrous flow of gas. How-
ever, no straight channels exist; hence the
smoke particles must continuously impinge,
or bounce, from one solid filter element to
another, eventually losing all momentum
and stopping. The gas continues to flow
into the chamber until the muzzle gas pres-
sure falls below the suppressor chamber
pressure, then flow reverses and exits from
the inner cylinder. The mechanics o opera-
tion arc rclated more to the function of a
scttling tank rather than to a filter.

1—3.4.3 Advantages and Disadvantages

An efficient smoke suppressor is advan-
tageous if it fulfills its purpose and may be
of further use by suppressing flash. One
disadvantage stems from the ability, at
times, of inducing flash. Other disadvan-
tages are the usual—added weight, added
cost, and probably frequent maintenance,
particularly the cleaning or replacing of
filter elements.

1—3.4.4 Types

Two general types o smoke suppres-
sors have been used successfully, the elec-
trostatic type which thus far is confined to
the laboratory, and the filter or impinge-
ment type. The latter may be subdivided
into three categories. The first makes no
attempt to control the flow, for the perfora-
tions are spaced evenly around and along
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the inner wall. The second may have per-
forations of one size evenly spaced around
the periphery but becoming more dense in
the axial direction of flow, or may be the
same in number but increasing in size in
this same direction. In this way, accessi-
bility to the chamber increases as pressure
drops along the axis thus making an
attempt to equalize the flow into the cham-
ber at all points. The third category is the
tapered bore suppressor. Experience shows
that the perforations nearest the gun muz-
zle frequently become clogged with copper
and other smoke particles. To relieve this
tendency, the inner diameter of the sup-
pressor is made larger than would other-
wise be necessary while the exit diameter
would be of conventional size, thereby pro
viding a conical inner surface. In theory,
this construction distributes the impinging
properties of the perforations eveniy along
the length of the suppressor or at least
delays the clogging of those nearest the
muzzle.

1—3.5 NOISE SUPPRESSORS

The report or noise of a firing gun is
numbered among the various objectionable
phenomena that develop at the muzzle.
Noise is closely associated with flash and
muzzle blast inasmuch as attempts to
attenuatec any of the three will unquestion-
ably have some influence on the other two.
On the other hand, if no controlling mea-
surcs arc taken, secondary flash may pro-
long the duration of report; and muzzle
blast but not necessarily increase their in-
tensity. And, since muzzle gas pressures
are related to all three, noise and blast

intensity may be assumed to influence
flash.

Noise produced by weapon firing can be
hazardous to hearing, cause communication
interference, and aid the enemy in detec-
tion. A blast deflector offers relief to the
crew by diverting the harmful pressure
waves away from the crew area but with-
out reducing the intensity to the extent
where it becomes undetectable. A flash
suppressor, however, can incorporate fea-
tures that reduce the intensity of the noise.
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If this type muzzle device can be developed
to the point where both flash and noise
can be reduced to acceptable limits, two
knotty problems become solved simultane-
ously. A large amount of effort has been
expended on flash suppressors; consider-
ably less on noise inhibitors. A measure
of success has been achieved in the sup-
pression of noise through experimentation.
No general design procedures, either the-
orctical or empirical, have been developed
for a noise suppressor, primarily because
no appreciable effort was ever assigned to
develop this type of muzzle device. A mea-
sure of success has been achieved in the
suppression of noise but usually as a by-
product of the development of another type
of muzzle device, such as a flash suppres-
sor.

1—3.6 BORE EVACUATORS

Rapid fire tank or closed-cab mounted
guns have a tendency to discharge propel-
lant gases into the cab when the breech is
opened to receive the next round. This re-
verse flow not only is disconcerting to the
crew but also reduces its effectiveness by
impairing sight and breathing. Further
damage is sustained on the occasions when
flashback occurs. To dispel the accumula-
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tion of breech gas flow, large installations
such as naval gun turrets resort to rapid
ventilation methods. However, this method
of removing the objectionable gas requires
bulky equipment, not readily adaptable to
the already overcrowded tank compart-
ments.

Preventive measures, usually more
attractive than corrective ones, are avail-
able in the bore evacuator. The evacuator
is simply a gas reservoir that is attached
to the gun tube. Gas flow between reser-
voir and bore is achieved through one or
more nozzles that connect the two cham-
bers. From the time the projectile passes
the nozzles until it leaves the muzzle, pro-
pellant gas flows into the evacuator. When
the pressure in the bore drops below that
in the evacuator, the stored gas reverses
its earlier flow and, by being directed by
the nozzles toward the muzzle, exits there
at an appreciable velocity. The flow of gas
from evacuator toward muzzle creates a
partial vacuum in this region which induces
clean air to enter the breech. This air,
under the influence of the differential pres-
sure, continues to flow toward the muzzle
to flush the bore of residual gas, thereby
precluding reverse propellant gas flow into
the gun compartment.
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CHAPTER 2
MUZZLE GAS FLOW

2—1 MUZZLE GAS PHENOMENA

As it leaves the muzzle, the projectile is
followed by what appears to be a violent
eruption of propellant gases. ‘Thiseruption
is called muzzle blast. Actually, the blast is
gas activity that adheres to a definite se-
quence of events. It is a jet o short dura-
tionn formed by hot, high pressure gases
that follows a well-defined series of stages
as it grows and decays. Descriptively, muz-
zle blast is a system o normal and oblique
shock waves that form the boundaries of
the region in which the principal expanding
and cooling of gases occur. Surrounding
the shock boundary is a turbulent shell and
outside this shell ix a turbulent “smoke
ring” that moves radially and advances
forward. Fig. 2--1 is a sketch of the muzzle
blast after 25 calibers of bullet travel from
the muzzle. It shows all the phenomenaof
the blast in their relative positions except
for the weak shock caused by the air
pushed ahead of the bullet. Fig. 15 is a
shadowgraph of a muzzle blast. The normal
shock, barely visible, is in the center of the
blast areca.

The main traveling shock is formed in
the air by the released propellant, gases
when they flow past the projectile and in-
duce a succession o weak shocks in the
relatively still air behind the first, but
weaker projectile-induced shock. This suc-
cession soon merges into a strong shock
ahead of the projectile. In the meantime,
the projectile, by interfering with the direct
gas flow, causes a strong shock to form be-
hind it. This shock eventually becomes the
quasi-stationary normal shock and with the
oblique shock, forms the central super-
sonic region, dubbed shock bottle, of the
jet. The flow into the bottle starts at the
muzzle where the gas is luminous. This
visible light, extending only a short dis-
tance, is called primeary flash and may be

white light, indicative of actual burning, or
it may be the red glow of iurninous solids
in the gas. Itis the white dot in Figs. 2—2
and 2—3.

The principal expansion of the jet is con-
fined to the shock bottle where the flow,
starting at the muzzle with a Mach number
close to one, is practically adiabatic. As the
gas continues to move until checked by the
shock boundaries, both Mach number arid
absolute velocity increcase rapidly with a
corresponding decrease in pressure density
and temperature; the temperature being
low enough most of the time so that the
gas ccascs to radiate visible light. When
the light is visible, the illumination fills the
shock bottle but does not extend outside it.
This light, muzzle glow (Fig. 2-4), is very
weak and rarely observed. Flow stream
lines are straight and diverge from the
muzzle as in point source flow, but density
and pressure at any plane normal to the
bore axis drop uniformly from the axis
outward. In the region just outside the ob-
liqgue shocks, the gas that has crossed
these shocks still has supersonic velocities
and temperatures that have dropped below
the luminous range. On the other hand, the
gas moving ahead through the normal
shock decelerates to subsonic velocity,
compresses, and consequently has its tem-
perature eclevated to approximate that at
the muzzle. This temperature is high
cnough to causc intermediate flash, a red
or reddish-orange cone o light (Figs. 2—2
and 2—3). The base of the cone is on the
normal shock; the apex points away from
the muzzle. Not nearly as intense as sec-
ondary flash, intermediate flash casts
cnough light to reveal position during night
firing.

Surrounding the layer of supersonic
gascs is a turbulent shell in which propel-
lant gas containing large amounts of hydro-
gen and carbon monoxide mix with air

24
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SHOCK BOTTLE

(Region of Muzzle Glow)

PROJECTILE

NORMAL SHOCK

SUBSONIC REGION

FIGURE 2-1. MAXIMUM VOLUME STAGE OF SHOCK BOTTLE

drawn into this shell. This mixture o en-
trained air and gas is the “smoke ring”
mentioned earlier. It is a highly turbulent
vortex that grows radially and advances
forward until dissipated by air currents or
some obstacle. Or it may ignite and become
a large, voluminous flash known as
secondary flash, the most intense, by far,
o dl flash phenomena. With a proper mix-
turc of air and gas, ignition may be induced

2-2

by the same factors responsible for inter-
mediate flash, i.e., increased pressure and
temperature after gases have passed the
shock fronts. Ignition may be also caused
by preflash (Fig. 2— 3), a phenomenon not
usually associated with muzzle blast inas-
much as it precedes the projectile from the
barrel. It is the burning of low pressure gas
that has leaked ahead of the projectile
while still in the bore. If the leakage is
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L__ PRIMARY FLASH

* ]
L. INTERMEDIATE FLASH

FIGURE 2-2. PRIMARY ANL INTERMEDIATE FLASH

copious and the burning duration long, the
air-gas mixture can overtake it and thus
become ignited. Gas leakage of this nature
usually happens only in worn guns and is
not considered a major problem.

Flash is a by-product of muzzle blast
and, regardless o its appearance or in-
tensity, does not greatly influence the
evolution of the jet which is divided into
two periods — the growth and decay of the
shock bottle. Although gas discharge from
the gun decays steadiiy, the activity of the
bottle offers a convenient vehicle for a
qualitative analysis of the sequential
events. The growth, already discussed,
complete when the bottie attains its maxi-
mum volume (Fig. %—1) Hereafter, the
bottle goes througih twe well-defined pe-
riods of evolution. During the first, the nor-
mal shock remains stationary about A
calibers from the muzzie, but the projected
arca diminishes until the pottle reaches
steady-state proporticus. having a shape
similar to the outline sketched in: Fig. 2--5
The last evolutionarv period begins after
the steady-state condition 1t invelves the

steady shrinking of the bottle without ap-
parent change in shape.

Another phenomenon associated with
the decay of the jet has considerable
influence on obscuration activity. This is a
rarefaction wave that starts at the time of
shot ejection and travels from muzzle to
breech. reflected toward the muzzle to
emerge eventually in the jet. While this is
going on, the normal shock moves toward
the muzzle. Shock and rarcfaction front will
meet somewhere ahecad o the muzzle. The
events that happen afterward simulate the
rupture of a membrane restraining com-
pressed gas in a tube. The shock pressure
drops and the bottle collapses to complete
the final phase of the blast phenomenon.

12 RAISING OF DUST BY A GUN BLAST

The raising of a dust cloud when a gun
is fired too close to dry ground involves
lifting the dust off the ground and its subse-
quent diffusion. Two forces are responsible,
the pressure gradient surrounding the dust

2-3
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PRIMARY INTERNMEDIATE REGUL AR
FLASH TYPE INTERMEDITATE
PREFLASH FLASH

FIGURE 2-3. THREE TYPES OF FLASH

L GUN MUZZLE

FIGURE 2-4. DEVELOPMENT OF MUZZLE GLOW

particles, and the drag of the gas as it
moves past them. A muzzle blast contains
both. The shock that precedes the blast
preparcs the ground by loosening and rais-
ing it a short height. The high speed cen-
tral jet then scours the surface, picking up

24

the raised dust but not diffusing it to any
great extent. The upward drift of the blast’s
dust-laden eddies is very slow. However,
the highly turbulent gas that surrounds
the central jet, the “smoke ring”, quickly
raises the dust high above the ground. The
rarcfaction wave that follows also picks up
and carries dust to considerable heights.
However, its contribution is small in com-
parison with the preceding blast but, being
least susceptihle to control, the rarefaction
wave may be one of the limiting factors of
the deflector’s effectiveness.

2—3 MECHANICS OF MUZZLE GAS FLOW

The quantitative analysis of the flow of
propellant gases at the muzzle begins with
the energy equation of interior ballistics?
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FIGURE 2-5. STEADY-STATE SHAPE OF SHOCK BOTTLE

e 1y 2 1
A RT - RT,) =2 W v (1+6)+2 W,

(2—-1)

where

R = gas constant, ft-lb/1b; °R

T = temperature of propellant gas hav-
ing done no external work, °R

T, = average temperature of gas at shot
ejection, °R

v_ = muzzle velocity, ft/ sec

V. = weight of propellant, 1b

W = weight of projectile, 1b

= ratio of specific heats

& = fractional heat loss to gun tube as
function of shot energy

Weight W is a force, a defined term, and is
expressed in pounds (lb). Mass is a com-
puted term M=W/g, lb-sec?/ft (slugs)
where g is the acceleration of gravity.
Other dimensions may be used provided
that proper conversion of factors are used.

Eq. 2—1 1s the application of Resal's equa-
tion at the instant of shot ¢jection provided
that 4l the propellant has burned. A simi-
lar equation exists that includes the pro-
pellant gas energy’. Either may be used,
the choice involves only the value of 6. In

Eq. 2—1, by substituting'—71 for 5 and 1.26

for Y (a good approximation), and solving,
the equation becomes”

RT, = RT ~ 0.26 (1/6 + 4% _/7W_v]  (2—2)

Appropriate values o RT, a characteristic
of the propellant, are available in thermo-
chemical tables. In some ballistic opera-
tions, RT is called specific impetus the
dimensions of which are ft-lb/1lb; and
RT /(Y —1), of the same dimensions, is the
potential of the propellant. Numerically,
RT /(Y —=1)is about 1.5x 10¢ ft-lb/l1b. How-
cver, to be dimensionally compatible, RT
in Egs. 2—1 and 2—2, contains the acceler-
ation of gravity, so that RT in these and
subsequent equations has the dimensions
of ft? /sec?. Values of RT for some service
propellants are listed in Table 2—1.

2-6
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TABLE 2-1. RT OF SERVICE PROPELLANTS

Propellant M1 M2 M6 M8 M9
RT. (f2/sec?) 1078 3.83 11.60 10.13 12.31 12.30
Propellant M10 MLS ML7 T28 IMR
2 -
RT, (nz sec ) 10 6 10.90 10.82 11.22 11.48 11.18
After computing RT_, the pressure at
any position in the bore at the instant of
shot ejection ®
/ 2 2
12RT Ve 3 A x , ‘
LR\ LI, 1.0 + 1.0 - 2 , pst 2—-3)
p= <Vt > 53 2 (
- P \Y
Bl — | t
WC
where
A = bore area, in.?
V. = total volume of bore and chamber,
in.?
x = distance from breech, in.
g = acceleration of gravity, ft;sec?
N = covolume, usually dimensioned
in.3,1b
RT = ft?, sec?
At the breech where x =0,
12 RT v
- ° 1.0 + £ , psi 2—4
p, = v . & p ( )
g W:_ -n
at the muzzle where Ax =V,
T v .
2R 1.0 — = | » Psi (2—5)
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2—4 MUZAE GAS MOMENTUM

Hugoniot’s gas flow theory, although ac-
curate within a few percent, has been modi-
fied to calculate the flow and momentum
of the propellant gases after shot ¢jection.
The rate of flow, by neglecting the second
and higher powers of WC/WP which is com-
patible with the general accuracy of all the
equations, is

1ty / Y t1
12W A w 1=y -Hw v—1
Q- [10+ S 1o+ 7Y NRT |10+ (y-D¥. 2 _\Y (2—6)
-V, 6pr 6 © 6y WP y+1
where
/ Y
/ /yﬁ*'l‘y_l
V. =) 9 7
o = ( )
6A(y —1) VRT 10+(Y—1) LA
O S e
and the rate of change o momentum
Y 2y
 I2ART_W.Y v/, V7! i
z—_—c 1.0+ £ = 1.0+ 2 —
i ZEE (0B () (o 2=

where g = acceleration of gravity, ft/sec?.

If the variables in Eqs. 2—6, 2—7, and
2—8 arc assigned the dimensions of

Eq. 2—3
Q =1b/sec
6 = sec

M = lb-sec, sec

2—7
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The momentum equation of the gas at the
muzzle is the integral of Eq. 2—8 at any
given time t, provided that the second and
higher powers of W_/¥  are neglected.
Retaining the above dimensions,

: 1ty
W 5 A0< t) W -y
c 2 (Y ) C
M=— /RT, Lo+ — < ) 11.0-(1+L -
g (Y‘r 1) ( 2y W, > < e) » Ib-sec

2-8

(2—9)
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CHAPTER 3
MUZZLE BRAKES

3—4 THEORY OF GUN GAS DEFLECTION

3—1.1 NOZZLE FLOW

The passages in a muzzle brake are
trecated by the one-dimensional theory of
nozzles, without allowance for fricticn at
the walls. Furthermore, the gas is assumed
to fil the nozzle completely; true only if
the nozzle is so designed that there is no
break away from the walls. To prevent
this, the semi-angle of a conical nozzle
should never exceed 30°, a rather large
angle. Smaller angles result in larger noz-
zles, thereby increasing muzzle brake
weight. If more weight can be tolerated, a
smaller semi-angle o about 20° is pre-
ferred. Semi-angles below 15° offer no ap-
preciable advantage over their immediate
larger counterparts.

Fig. 3—1 is a schematic o a one-baffle
brake but is adequate for defining the geo-
metry and the flow.

A

bore area
A, = arca o projectile passage

A_ = exit area of baffle passage

A, = inner area of baffle passage
n, = exit speed-up factor
n, = inner speed-up factor

v = muzzle velocity
a = baffle deflecting angle

¢ = semi-angle of nozzle

Because of the projectile passage, not all
of the gas will go through the baffle pas-
sage, a portion will continue straightahead,
the amount depending on the ratio of exit
areas. The weight of the quantity of gas
diverted through the baffles is expressed as

FIGURE 3-1. MUZZLE BRAKE GAS FLOW DIAGRAM

A.
W=t V AW —1
f A +A € ! G=1)
where W_ = weight of the propellant
A =M | ratio of baf-
i A+ A

fle inlet area to total available area.

The weight of gas flowing through the pro-
jectile passage

Ay _
v, AT A Ve =0,V (3—2)
where A, =__ Ay , the ratio of projectile
A +A

passage area to total available area.

The area of the baffle passage should di-
verge smoothly from inside to exit follow-
ing a straight line function or a smooth

34
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curve. The divergence of gas from muzzle
to the first flow passages

A A tA
L
The divergence of the gas at the baffle exit

(3—2)

A
8,78 A (3—4)

The velocity reaches its maximum value
when the nozzle area diverges to about 25
times the throat area, in this application,
the bore area. In practice, both nozzle and
baffles normally would be too large to
achieve the optimum condition. Fig. 3—2
shows the relation between speed-up factor
n and divergence A. The speed-up factor is
the ratio of exit to the entrance velocity of
a flow passage. Examination of the curve
shows that the gain in efficiency is small
while the increase in size and weight of the
muzzle brake is large for a divergence
larger than 5.

The change in momentum, or thrust, of
the muzzle gas is computed in Eq. 2—8.
However, only a portion of the total gas
impinges on the baffle. According to Eq.
3—1, if m, is the mass o gas issuing from
the muzzle per second, the mass flow per
second impinging on the baffle

(3—95)

The thrust on that baffle during thatsecond

fo :A.‘mil(v.‘ =V, Cos )

(3—6)

but v;=n,v andv, = n)v_, therefore

f, :Aimg(niv0 —-n.v_cosa)= )\umgvo (3—7)

where A is the uncorrected speed-up factor

N,=8;(n; =n_ coscy)

(3—8)

32

3—1.2 THRUST CALCULATIONS
3—1.2.1 Discussion

When computing the value of X, a cor-
rection is needed to compensate for pre-
viously neglected friction and turbulence.
Experiments show that the computed :, is
too large and should be reduced by a cor-
rection factor C ;SO that

A= A,/Cy (3--9)

Examples of Cy determined from firing
tests are listed in Table 3—1.

Unfortunately, Table 3— offers little but
qualitative values because test models are
few and paramecters are lacking. A value
of Cy = 1.5 should be adequate for initial
design concepts.

The maximum thrust on a muzzle brake
occurs at t =0, thus providing a conven-
ient means for computing A . By substitut-
ing t=0, v = 1268 = 32.2,ft/sec? in
Eq. 2—8, the thrust in pounds becomes

12x 1.26 AW _RT, /5 \*®®
Fb - \C c C =
‘ 322V, 776

WC 1b
(“’W)i] |

where C, = thrust correction factor

(3—10)

W
\Y P

t

W
F, = 0.26C, ¥SART, (1.0 +.< >y, Ib 3—11)

The dimensions of A and vV, are expressed
in inches. The value of N may be readily
computed from Eq. 3—11 for either single
or multiple baffle brakes.

By assuming that all needed parameters
arc given or estimated, the computation
for x follows the procedure outlined below
for a 3-baffle brake such as shown in
Fig. 3—3.
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TABLE 3-1. A\CORRECTION FACTORS

Type o 3G,9 =30° 3G, =15° German German
Brake 2 or 4 Baffles 2 or 4 Baffles Single Baffle Double Baffle
C A\ 1.45 1.25 1.60 1.60
DIVERGENCE, A
» “ |16 18 20 22 24 26 28
.6

SPEED-Up FAQTQD N

2.4

2.2

2.0

1.6

1.2

| | l L

— | ]

J o
A= 14 to 25 for y =126 //r
/ LA =ltol4 for y =128

g

| 3 5 7 S I 13 1€

DIVERGENCE, A

FIGURE 3-2. SPEED-UP FACTOR VS DIVERGENCE
33
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Given or estimated data
Gun: W, Wp, V., v, A RT

Muzzle Brake: A, A., A, o,

(Subscripts 1, 2, 3, indicate the
respective baffles)

After solving for RT, in Eq. 2—2, the
thrust on any baffle becomes (Eq. 3—11)

Fix = Koy A4 (3—12)
For the first baffle:
Solvefor A;;and A, ,of Eqs. 3—1 and 3—2
Solve for A, and A_,of Eqs. 3—3 and 3—4

From Fig. 3—2, read n;; and n_, corres-
ponding to 4A; and A.;.Now insert the
known values into Eqs. 3—8 and 3—9
(3—13)

)\1 =4 (h, —n,, cosa; )/C)\

For the second baflle:

A

A=A 12 (3—14)
12 bl
Ay T Ay,
A
A=A, b2 (3—15)
b2 bl
A T Ay,
A, =4 App T A, 516
Ao (3—160)
A
Doy =8y 52 (3—17)

Find the values of n;, and n., that corres-
pond with A, and A, from Fig. 3—2 and
insert the appropriate values in Eq. 3—8

A, =A,, (n,; —n, cos 02)/C)\ (3—18)

FIGURE 3-3. SCHEMATIC OF MUZZLE BRAKE GAS FLOW
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For the third baffle:

Ai3
= - 3—19
Ay FAPIEC T A ( )
Ay Ay, b2
b3 bZW (3—20)
13 3
- A
B3 =4 b3 (3—21)
Ab2
A
- e3 —
By =8y 5 (3—22)

Find the values of n;; and n_, that corres-
pond with A; and A.3in Fig. 3—2 and in-
sert the appropriate values in Eqs. 3—8
and 3—9

N3 =8 (0, —n_ cos 0/3)/(:)\

The value of X\ for the muzzle brake

NEPSES VD (3—23)

If more baffles are used, the above proce-
dure merely continues the sequential pat-
tern so that

:)\1+)\2 +—_—_—_—_*_)\n-]. t Xa (3—24)
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The practice of adding many baffles is dis-
couraged by the fact that the increase of
baffles follows the law of diminishing re-
turns. The two charts in Fig. 3-—4 illustrate
this principle. Here, the thrust on both in-
dividual and series of baffles is measured
in proportion to the maximum thrust had
100 percent ¢f the gases been utilized and
then plotted for the percentage of gas
tapped from zero to 100%.Through the
lower range (O — 35%) of the amount of
gas tapped, multiple baffles are needed for
an cffective muzzle brake indicating poor
design and inefficiency. In the upper range
(above 35%), only two will be almost as
effective as any number of baffles exceed-
ing two.

The modified Hugoniot theory embodics
inaccuracies in thrust computation during
the decay period of the muzzle gas; too low
at the beginning and too high at the end.
To correct for the thrust at the beginning
when the thrust is highest and therefore
loads are critical, the thrust is increased
by 70 percent. Fig. 3—5 shows the com-
parison between the computed and actual
thrust. The 70 percent increase is included
for strength considerations. However, for
the total momentum during the entire
period, the inaccuracies in the modified
theory are compensating and are reason-
ably accurate without additional correc-
tions. Another correction for the thrust in-
volves the effect of closing the projectile
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